A MHz rate imaging system that provides real-time flow visualization is used to examine the growth and development of large scale turbulence structures in an ideally expanded Mach 1.3 axisymmetric jet. The technique utilizes a home built Nd:YAG pulse burst laser and an ultra high speed digital camera. The laser was used to illuminate both streamwise and cross-stream planes of the jet. The technique yields up to 17 images with image spacing between 1 and 20 µ µ µ µs. The images can then be viewed as a short movie of the flow structure and its development. An analysis of these movies reveals many of the processes involved in the formation and development of the jet's mixing layer. Such events as 'roll up', 'tearing' and 'rotational pairing' seem to be a common feature of the flow. The presence of streamwise vorticity is inferred and appears to be a major contributor of entrainment of ambient fluid into the jet. Preliminary quantitative information is also obtained by using a two-dimensional cross-correlation technique to track structures as they convect downstream in the mixing layer. Preliminary results reveal that the structures convect downstream much faster than the theoretical convective velocity. Furthermore, the convective velocity is found to be close to the empirical prediction formulated by Murakami and Papamoschou.
I. Introduction
High-speed and high-Reynolds number flow fields are inherently difficult to understand due to the existence of the large range of spatial and temporal scales associated with them.
Despite the everincreasing power of computers, direct numerical simulation (DNS) of these flows is not yet possible and appears to be quite a few years away. Large eddy simulations (LES) and similar techniques are a step closer towards the ultimate goal of predicting these flows, but still rely on turbulence modeling based on experimental results. In response, a large amount of experimental research has been conducted on highspeed flows over the last few decades.
The scope of the experimental research has been somewhat limited, however, by the available methods used to examine high-speed flows. In the past, many experiments relied on probe-based measurements.
Furthermore, any type of spatial measurements were limited by the number of probes that could be placed in the flow at a given time as well as the interference they caused one another.
In recent decades, the advent of the laser has allowed researchers to obtain a wealth of new information.
Techniques such as laser Doppler velocimetry (LDV) allow for non-intrusive point measurements making measurements more accurate. The ability to cast a laser beam into the form of a sheet has allowed researchers to look at spatial features of turbulence never seen in high-speed flows. Planar flow visualizations have revealed many spatial characteristics concerning the flow that line of sight techniques, such as schlieren imaging, could not.
Naturally, flow visualization techniques evolved from qualitative to quantitative techniques with new developments such as particle imaging velocimetry (PIV) and planar Doppler velocimetry (PDV). These techniques yield velocity information across the entire illuminated plane of the flow thus giving researchers a large amount of new information to examine. Both qualitative and quantitative flow visualizations, however, have been limited by the rate at which the techniques could make measurements. This has been limited by both the repetition of the laser (typically 10-100s Hz) as well as the speed of the camera used to record the images. In order to gain some temporal information to complement the spatial 2 information gained by these techniques, some researchers have resorted to using two lasers or a single laser operating in double-pulse mode. This allowed for a small time separation between images and thus a certain amount of information could be interpolated between the two images including convective velocity of structures.
In the past few years, however, advances in both laser and camera technology have allowed for a series of closely spaced images in time to be obtained. This newly developed technique has the potential to greatly increase the overall understanding of high-speed flows. This paper is an application of this technique towards one such high-speed flow, namely that of a supersonic axisymmetric jet.
An axisymmetric jet is an interesting flow field because it contains elements of the commonly studied planar shear layer, but also contains extra elements of complexity due to the interaction of the mixing layer with itself across the jet core. The presence of an azimuthal component of velocity that can result in helical structures is also an interesting feature. Figure 1 shows a simple schematic of the mixing layer from a high-speed axisymmetric jet. The schematic shows the flow field as having two sections based on structure growth and development. The first section is where structures in the mixing layer develop without direct interaction from the structures on the opposite side of the mixing layer. The second section is where structures in the mixing layer grow and develop, they become large enough that they begin to interact with one another across the jet's core (anywhere from 5 to 12 jet diameters downstream). This is designated as cross-mixing layer interaction.
It is worth noting that the region in which crossmixing interaction takes place is also the region of the primary source of noise in jets. A concurrent study by Hileman et. al. using the imaging system used in this paper is being conducted to examine the correlation between the noise produced from this region of the flow and the development and interaction of large-scale structures. 2, 3 A common parameter used to quantify the compressibility of a shear flow is that of the convective Mach number, M c . This parameter literally represents the convective velocity of structures in the mixing layer. The convective Mach number is theoretically given as ) /( ) (
where U 1 and U 2 are the velocities of the high-speed and low-speed streams, respectively and a 1 and a 2 are the speeds of sound 4 . Numerous researchers have investigated the effects of compressibility on large-scale structures in the planar shear layers [4] [5] [6] [7] [8] [9] [10] [11] , base flows 12, 13 , and jets. 1, 14, 15 Also of significance are research efforts using high-speed cinematography 16, 17 and numerical simulations. 18, 19 It has been found that for lower levels of compressibility (M c <0.4) the shear layer generally has a twodimensional structure with large organized spanwise rollers. As the compressibility level is increased (M c >0.6), the large-scale structures become less organized and much more three-dimensional. At this point oblique instabilities begin to appear. Furthermore, at these higher levels of compressibility, it has been shown that the convective velocity deviates from the theoretical value given above. The velocity deviates according to the stream selection rule which states that for shear flows with one supersonic stream and the other subsonic, the structure will have a higher velocity than predicted. 1, 8 For the most part, however, little experimental work has been conducted on high-speed axisymmetric jets with notable exceptions including references 1 and 13. Furthermore, research efforts in the past have been somewhat limited by the available experimental techniques. The research effort here uses the latest technologies available in lasers and cameras to provide and in-depth examination of the large-scale structure of a Mach 1.3 axisymmetric jet.
II. Description of Facilities and Equipment at the Gas
Dynamics & Turbulence Laboratory (GDTL)
All of the experiments were conducted at The Ohio State University's Gas Dynamics and Turbulence Laboratory (GDTL). This facility is highlighted by the existence of an optically accessible anechoic chamber, which has removable windows and floors to allow for experimental set-up for a variety of conditions. No sound data was acquired for this set of experiments so the floor wedges were removed to allow for easy set up. The facility also consists of a jet stand and stagnation Mixing Layer Air is supplied to the stagnation chamber from two four stage compressors; it is filtered, dried and stored in two cylindrical tanks with a total capacity of 42.5 m 3 at 16.5 MPa (1600 ft 3 at 2500 psi). The stagnation chamber contains a perforated plate and two screens of varying porosity to condition the flow to be as uniform and steady as possible prior to entering the nozzle. The facility has been described in more detail elsewhere. 2, 20 The jet nozzle has a 1" (25.4 mm) exit diameter and a design Mach number of 1.3. The nozzle contour was designed using a computer program based on the method of characteristics with the stipulation of uniform flow at the nozzle exit. The jet exhausts into the anechoic chamber and exits the facility through a large bell-mouth at the opposite end of the chamber. A schematic for the facility can be found in figure 2 . Pressure to the stagnation chamber is controlled manually through the actuation of a Fisher control valve and can be maintained at constant pressure within 0.1 psi. Pressure was set for an ideally expanded flow and held constant through each set of experiments. 
MHz Pulse Burst Laser and Camera System
The laser, illustrated in figure 3 , is a second generation system based on that described previously by Lempert et al. 21, 22 and Thurow et al. 23 A continuous wave Nd:YAG ring laser serves as the primary oscillator, the output of which is pre-amplified in a double-pass flashlamp-pumped, pulsed, amplifier. The resulting, approximately 200 microsecond duration pulse is formed into a "burst" train using a custom, dual Pockel Cell "slicer", purchased from MEDOX electrooptics. The train can have a variable number of pulses, between 1 and 99, with interpulse spacing varying between 1 and 100 microseconds, and individual pulse durations variable between 5 nsec and 10 microseconds. For these experiments, a typical burst consists of 17 pulses (constrained by the camera), with 10 nsec duration and 2-10 microsecond spacing. The pulse train is further amplified by a pair of additional, double-pass amplification stages and a single-pass double-flashlamp amplification stage, and then converted to the second harmonic wavelength of 0.532 microns ("green") using a 6x6x8 mm KTP crystal. Figure 4 shows a typical burst train, consisting of 17 pulses, each having a duration of 10 ns. The interpulse spacing is 5 microseconds. The output energy, at the second harmonic wavelength, is approximately 7 mJ in each of the individual pulses comprising the burst. The power in each individual pulse varies between 2 and 15 mJ/pulse depending on the length of time between pulses. Longer separations between pulses correlate to higher pulse energies. Furthermore, the timing of the four amplifiers is varied relative to one another in order to distribute the power evenly over the entire burst. The overall burst process has a repetition rate of 10 Hz.
High-speed Camera
The camera used in these experiments is manufactured by Silicon Mountain Design (SMD) (now a subsidiary of Dalsa, Inc. 
III. Description of Experiments
The laser sheet was formed to illuminate either the streamwise or the cross-stream planes of the jet's mixing layer. Table 1 contains a description of the areas of the flow that were examined. The flow was naturally seeded using the product formation technique, whereby moisture from the warm, moist, ambient air condensed in the mixing layer when it mixed with cold, dry air from the jet. This technique produces a fine mist of water particles with diameters on the order of 50 nm. These particles are small enough to follow the flow. 24 For the streamwise experiments, the interpulse spacing of the laser was set at 5 or 10 microseconds. A 5 microsecond spacing provided a burst of 17 approximately uniform pulses and thus allowed for the capture of 80 microseconds worth of structure growth and development. For the 10 microsecond spacing, approximately 13 out of the 17 pulses contained sufficient energy to properly illuminate the flow and thus provided 120 microseconds worth of evolution. Generally, the sheet was spread to cover a streamwise length of approximately 4 inches.
For the cross-stream experiments, the interpulse spacing was limited to 2 or 4 microseconds due to the high speed and rapid development of the flow passing through the laser sheet. Thus, cross-stream movies contain either 32 or 64 microseconds of the flow development. Seventeen good quality images could usually be obtained for these conditions. The sheets were set up to examine the cross-stream structure at 3, 6, 9 and 12 jet diameters downstream and had widths that ranged from 2 to 4 inches.
After acquiring the data, each image in the sequence of 17 images was removed from the larger image and processed using Matlab. This consisted of rotating the image so that the flow travels horizontally left to right. Furthermore, the laser sheet is not uniformly bright across the entire image region due to its Gaussian nature.
Therefore, each image is normalized in the vertical direction by the relative distribution of intensity across it. The 17 images are then sequenced together and saved in either AVI or MPEG movie formats. Table 1 -Table of laser sheet locations and dimensions.
IV. Qualitative Results
In this section, only the qualitative aspects of the jet's evolution are considered. An inherent difficulty in the analysis is the fact that the movies are twodimensional, instantaneous, real-time, images of a very three-dimensional flow. One must be cautious of the limitations of this technique when attempting to draw a conclusion about the dynamics 'seen' in the movies.
For the purposes of this discussion, the movies were divided into two categories based upon the development of large-scale structures (see figure 1 ). The first category is the set of movies for which largescale structures form and develop without direct interaction from structures on the opposite side of the mixing layer. The second category consists of movies where the mixing layer interacts with itself across the core of the jet. The interaction of structures across the mixing layer is the primary focus of the discussion. Both streamwise and cross-stream images will be used to characterize these regions of the jet. It is worth emphasizing that the results discussed below are based upon the viewing of hundreds of movies.
Images without Interaction Between Opposite Sides of the Mixing Layer
The streamwise location of these image varies because in some instances the mixing layer grows and interacts with itself across the jet's core much sooner than in other instances. When there is no interaction between two sides of the mixing layer, it is expected that structures of the jet will grow and develop in a fashion to some degree similar to structures in a planar shear layer of the same convective Mach number, M c . The planar shear layer is a convenient flow field for comparison as it is well studied for a large variety of compressibility conditions. The introduction briefly described a few of the conclusions based on these studies. The jet examined here has a convective Mach number of 0.6 and is expected to lie within the compressibility regime where structures are more threedimensional and lack organization in comparison with their counterpart in incompressible flows. Some characteristics of incompressible flows are also expected, as the compressibility is still relatively low.
Streamwise Movies
The streamwise movies provide the most familiar view of structure development as the mixing layer in this region of the jet looks very much like many of the published images of planar shear layers at similar convective Mach numbers. Figure 5 is a typical example of a sequence of images. The left edge of the image is 4.5 jet diameters downstream while the right edge is at 9 jet diameters. Flow is from left to right and the images are separated in time by 5 microseconds. Very little interaction, if any, is seen to occur across the mixing layer.
Many similarities with images of planar shear layers can be seen. The boundaries of the mixing layer are rather jagged, an indication of the variety of scales present. Clearly, large-scale structures are present within the mixing layer. At this point, the structures do not appear to be very well organized. This is consistent with flow visualization studies conducted on planar shear layers at similar convective Mach numbers.
It is felt that the true strength of the MHz rate imaging system lies in the ability to watch the flow develop as opposed to trying to infer characteristics from a sequence of still images. Evident in these movies is the amount of shear that the mixing layer is experiencing. Structures are seen to deform rapidly as the inner edges of the mixing layer move and evolve rapidly while the outer edges do not move or develop as quickly. Structures tend to deform in accordance to this as they stretch and tilt in the direction of the shear. It is this shear that leads to the development of large structures within the layer.
The initial formation of structures is an interesting feature of the flow in this region. Numerous movies depict the 'roll up' of a structure. In this development, the mixing layer has a wavy appearance (instability wave, perhaps); the fluid that penetrates into the highspeed core fluid moves at faster speed than the fluid close to the ambient air. This causes the wavy mixing layer to fold over upon itself. As this motion progresses the structure takes on a rotational motion and fluid is entrained into the mixing layer from either the jet or the ambient. Thus the mixing layer has formed a structure. This development can clearly be seen in the bottom of the mixing layer in figure 5 as indicated by the rectangles.
Large-scale structures contained in the mixing layer are subjected to a large shear force. The shear force tears at the structure and tilts it in the streamwise direction. The portion of the structure in the high-speed portion of the flow is stretched forward while the low speed portion of the structure seems to be 'left behind.' Thus the structure is dramatically tilted in one direction.
Related to these developments is the phenomenon of pairing. Pairing is seen in almost every movie, albeit on a wide variety of scales. In these pairing events, two large-scale structures are seen next to each other in the mixing layer. Both structures undergo the tilting described above. In this tilting process the high-speed portion of one structure overlaps with the low-speed portion of the structure immediately downstream of it. These two portions then begin to rotate about one another, thus tearing apart the original structures. This has been previously described as fractional pairing by Hussain 25 , who provides an excellent schematic of this process. The oblong shapes in figure 5 also illustrate this type of pairing as two large structures are initially shown in the process of tilting and then begin to rotate together. To take this concept one step further, the remaining portion of the torn apart structure also overlaps with a structure immediately downstream or upstream of it and consequently forms another structure. In this sense, the pairing process is seen as 6 being continuous throughout the mixing layer. This type of continuous tilting/tearing/pairing can be seen in the majority of the movies at a variety of scales. Through this continuous tilting/tearing/pairing process, the structures further increase in size, also seemingly due to entrainment of fluid from the jet and the ambient. The beginnings of this second pairing event can be seen in the last image of figure 5 as indicated by the oval.
As structures grow in size, the tilting/tearing/pairing process takes a longer amount of time, thus the structures remain identifiable for a longer period of time.
A question that remains at this point concerns the distinction between the initial formation of a structure and the consequential tilting/tearing/pairing process that leads to structure growth. Typically (including the above discussion), these have been treated as separate events. Figure 5 , however, illustrates how the same development in a structure's life might be interpreted in two different ways. The rectangular box was used to illustrate the 'roll up' of a structure, while the rhombuses were used to illustrate the rotational pairing of two structures. These two illustrations, however, are following the same region of the mixing layer and the same event in the mixing layer's growth. This type of occurrence is seen quite often in this region of the mixing layer. This example illustrates the added amount of information that 'movies' provide over past experiments based on two images. Furthermore, the entire discussion above was based on one movie. It was only after examining a much larger sample of movies, however, that the above discussion was put forward.
Another form of structure growth in the streamwise images is due to the growth of the mixing layer in three dimensions. In some movies a structure is seen to appear from out of the visualization plane. 7 structure may have originally been formed due to some sort of roll-up, but as it obtains a three dimensional movement, it can move in and out of view of the streamwise plane. Thus, in some movies a structure will appear in the mixing layer due to an azimuthal movement of fluid around the mixing layer. This type of growth will be further examined in the cross-stream images.
Cross-stream Movies
The cross-stream movies reveal a different picture than the streamwise movies. One of the first things noticed is that the timescale for this type of movie is much smaller as the flow is moving out of the plane. This means that there is a more dramatic change in the appearance of the images from one to the next. On the outer edge of the mixing layer, where the local velocity is relatively low, a 2 or 4 microsecond separation of images does not correspond to a dramatic change in appearance of the flow features. On the inner edge, however, where the local velocity of the flow is relatively high, this separation in time of images can correspond to a dramatic change in the structure details. Figure 6 is a typical example of a sequence of cross-stream images located at 3 jet diameters downstream.
The images are separated by 4 microseconds and the image is cropped so that it is approximately 1 ¾" wide (and tall). Clearly the mixing layer is not uniform around the edge and the threedimensional nature of structures can be seen. This wavy appearance of cross-stream images has been noted in similar works on axisymmetric shear layers as well as in end view images of planar shear layers. Furthermore, the development of the inner edge of the mixing layer is very rapid with respect to the time separation of the images. This is an indication of the small scales that are present throughout the layer as 1¾" 8 well as the high speed of the flow. With the wavy nature of the mixing layer, the images show that structures which are seen in the streamwise images discussed earlier will depend largely on the positioning of the streamwise sheet. Structures are distributed around the mixing layer with thin regions intertwining the areas between them. Related to this distribution of structures is the possibility of structures forming a helical shape when viewed in three-dimensions. Movement of structures in the azimuthal direction is evidence of this type of helical formation. Figure 6 attempts to show this type of motion. In the image, the circle in the first image indicates a thin braid region between structures. The circle in the ninth image indicates the presence of a structure below this region. As the development progresses, this structure appears to move in a clockwise direction to occupy the thin braid region indicated in the first image. It is difficult at this point, however, to definitively say that a helical shape is seen as the flow is rapidly moving out of the plane and connecting structures in three dimensions from twodimensional images is difficult. Thus it is difficult to differentiate between structure movement around the mixing layer from simply the appearance of a new and independent structure that simply gives the illusion of azimuthal movement.
Another key feature of the flow is the presence of streamwise vorticity. While vorticity cannot be directly extracted from these movies, it can be inferred from the fluid motions observed. It is clear in every cross-stream movie that the mixing layer has a continuum of streamwise vortices superimposed on each other. This is inferred from the rotational motion of fluid within the mixing layer. This can be seen at a number of azimuthal locations in figure 6 , although it is much easier to visualize when viewed as a movie. These vortices are believed to be partly responsible for entrainment and ejection. This is the most apparent on the outer edge of the mixing layer where 'mushroom' shaped structures are often seen to protrude into the ambient air, thus providing a means for fluid ejection. The circle in the first image points to what appears to be two counter-rotating vortices that seem to be entraining ambient fluid into the mixing layer.
As the movies progress downstream from 3 jet diameters to 6 jet diameters, the properties discussed above are the same, but larger in scale. Structures are larger and more clearly identifiable. The wavy nature of the mixing layer is also more pronounced. The presence of streamwise vorticity is also more easily inferred as larger vortices are now causing fluid to swirl in a more dramatic fashion. Furthermore, as the structures continue to grow in size, it is clear they are beginning to reach the point where they will begin to influence one another.
Images with Interaction Between Opposite Sides of the Mixing Layer
In the previous section, observations were made as to how structures grow and develop due to the shear forces imposed on the mixing layer.
In an axisymmetric jet, however, the mixing layer grows to such a point that it begins to interact with itself. This added complexity of a jet (versus planar shear layers) is very important, as it will have a profound effect on the noise generation and mixing characteristics of the jet. Generally, cross-mixing layer interactions begin to take place beyond 5 or 6 jet diameters downstream.. A better understanding of this interaction process will aid in the development of modern jet noise theory as well as in the development of techniques with the aim of decreasing jet noise or enhancing jet mixing.
2,3

Streamwise Movies
In this set of movies, the mixing layer continues to develop in a similar fashion as it did upstream. Numerous movies depict the 'roll up' and tilting/tearing/pairing events as discussed above, but on a larger scale than before. Furthermore, some of the movies seem to show an increase in the organization of structures, where in some cases the familiar lowcompressibility case of a train of structures with core and braid regions are seen clearly. An increase in organization is not entirely unexpected, however, as, unlike planar shear layers, the high-speed side of the mixing layer undergoes a decrease in velocity at the end of the potential core. The dominant feature of this set of movies, however, is that structures on either side of the mixing layer have grown to such an extent that they begin to interact with one another. Figure 7 is a sequence of images of one such interaction. In these images, the left edge is about 5 jet diameters downstream and the image extends to approximately 11 jet diameters downstream. Ten microseconds separate each image. The increased organization of structures that was mentioned above is clearly seen in the last few images in the sequence. It also appears that these structures formed via a 'roll up' of the mixing layer. Clearly, however, the increase in size of structures due to these processes, results in an interaction of structures across the mixing layer. Similar interactions can be seen in a large number of movies.
Ideally, interactions would fall into a category as to how the interaction takes place. For example, some interactions seem to be more dynamic as structures on either side of the mixing layer actively bump into one another. On the other hand, many interactions seem to occur in a very passive manner where structures slowly grow until their boundaries touch. Any attempt to 9 quantify these types of features in an interaction is difficult because it would inherently be a very subjective determination. Nonetheless, a few common types of interactions will be summarized below.
In many cases, structures seem to line up together across the mixing layer. In other words, they occupy the same streamwise position, but on opposite sides of the mixing layer. As the structures grow and protrude into the jet core, they begin to 'bump' into each other. The structures continue to interact until they take on the form of one larger structure that continues to convect downstream as a single entity.
In other cases, as the structures grow they tend to organize themselves in a similar manner to a VonKarmen vortex street. This analogy was used in order to convey the idea that the structures do not line up on top of each other, but alternate in position from the two sides of the mixing layer. A possible interpretation of this geometry is that the mixing layer is in a helical mode where one might imagine that the structures are really connected in a helical fashion. In this scenario, the structures still grow large enough that they intrude on one another's space and therefore interact and merge.
A third scenario comes about due to the threedimensional nature of the flow. In many instances the core of the jet between two mixing layers becomes filled by fluid that does not come from either side of the visible mixing layer. In reality, fluid is entering into the streamwise plane from outside of the plane. This is most likely the result of streamwise structure growth from parts of the mixing layer not visualized. This interaction takes on a different appearance than the interactions seen above, but is probably of the same form of interactions as above, just seen from a different viewpoint.
Generally, as the interaction between structures progresses, the structures lose their individual identity and merge into one larger structure. This larger structure then continues to progress downstream with its own identity. A similar categorization of interactions was also noted in the double pulse experiments of Hileman et. al. 2 To add more detail to this discussion, as structures on either side of the mixing layer approach one another through the jet's core, it appears that the vorticity from one structure induces fluid motion on the other structure and vice-versa. This causes the motions of both structures to get directly connected. In this manner, the merging and interaction of structures are promoted. 
Cross-stream Movies
The cross-stream movies provide for a more complete (and more complex) picture of the jet as interactions begin to take place. Movies were taken at 9 and 12 D downstream. As seen in the streamwise movies this is generally the location where interactions begin to take place. The cross-stream movies help shed further light on the three-dimensional nature and size of the interacting structures. Figure 8 is a sequence of images separated by 4 microseconds at 9 jet diameters downstream. While the mixing layer still has a semblance to its original circular form, it is apparent that the rapid growth of structures at different azimuthal locations has caused the mixing layer to have an asymmetric shape. The rapid change in the shape of the jet core is also apparent in this sequence.
Interaction across the jet core is clearly seen as large-scale structures have grown.
Interactions across the core are also clearly shown to be a very three-dimensional event as a result of the growth of multiple structures. In many cases, two structures on opposite sides of the mixing layer grow and consequently 'pinch' the jet's core so that unmixed fluid or the ambient still exist on either side of the interaction. In other cases, it appears that one structure grows significantly larger than any other structure seen in the cross-stream images and the mixing layer is dramatically dominated by this one structure.
Another interesting observation is the role that streamwise vorticity seems to play in the development of the mixing layer. It appears that streamwise vorticity plays a key role in stretching and elongating the mixing layer in different areas. Furthermore, ejection events are much larger in magnitude in this region and cause a high degree of mixing that also modifies the growth of 2" Figure 8 -Sequence of cross-stream images located at 9 jet diameters downstream. Four microseconds separate each image and images are ordered left-to-right, top-to-bottom. The shape of the jet core is seen to develop rapidly and the outer edge is dominated by large ejection type events.
the mixing layer. This is evident in figure 8 by the large ejection events that occur around the periphery of the mixing layer. These events appear to cause an increase in mixing and a consequent growth in the mixing layer. These events, and consequently streamwise vorticity, play a key role in the entrainment characteristics of the jet. Also apparent in various movies is the azimuthal movement of structures. Azimuthal movement may imply the existence of helical structures in the flow, but it is difficult to come to any specific conclusions based on two-dimensional images. Furthermore, this type of movement can be difficult to see in a sequence of still images, but becomes more evident when played as a movie. Nonetheless, azimuthal movements seem to be more pronounced in this region of the flow. This might also be a product of the increase in size of structures, which would make azimuthal movement easier to follow.
V. Calculation of Convective Velocity
A convenient, albeit limited, parameter that is available for measurement from the movies is the convective velocity. The convective velocity refers to the speed at which large-scale structures convect downstream. In planar shear layers, the theoretical prediction for this velocity is given by Papamoschou and Roshko and can be obtained from equation 1 above. 4 For a planar shear layer with the same convective Mach number as this jet (0.6), this value is 209 m/sec. It has been shown, however, that for convective Mach numbers above 0.4, this relation no longer holds and the convective velocity will be higher for this scenario. Murakami and Papamoschou provide an empirical relationship for the deviation from theory for the convective velocity of structures in axisymmetric coflows 1 . Substituting this experiment's flow conditions into this empirical relation gives a convective velocity of 311 m/sec. In order to compare the experimental results obtained here with this empirical relationship, a cross-correlation scheme was developed to track structures through the movie. A limited amount of results will be presented here.
The basic idea of the scheme is to use the twodimensional cross-correlation to identify a structure as it convects downstream in the mixing layer through the course of the movie.
This procedure has been employed by several researchers on image pairs obtained using either two lasers or a single doublepulsed laser. 1, 7, 8, 9, 12, 13, 16, 17 In some of the studies, a structure was manually identified in the first image. A template was then made from the intensity information in the region of the structure and this template was scanned across the second image. The point where the cross-correlation coefficient is the maximum is then taken as the time-delayed location of the structure. Thus the convective velocity can be calculated from:
where x is the distance the structure has moved in time, t.
The manual selection of a structure, however, is subjective. This prompted other researchers to choose their template at a fixed location in every image pair and to calculate the convective velocity based on this, but still using the same cross-correlation procedure. In all of these cases, however, the convective velocity was based on the correlation of a pair of images. In this study, however, up to 17 images in each movie sequence are available.
Cross-correlation procedure
It was desired to come up with a rigorous crosscorrelation scheme that produces reliable unbiased convective velocity results. Through the process of developing this scheme, a number of different variations on the cross-correlation techniques described above have been identified. These variations are given below.
A template size of 2 wide x 1.5 tall, where is the average visual thickness of the mixing layer for a given set of movies, effectively captured the largest structures in the mixing layer. The rectangle in figure 5 is roughly the size of the templates used. The transverse position of the template was chosen to be the center of the mixing layer on the upper side of the layer.
Determining the streamwise location of the template yielded two options. The first option would be to fix the location of the template at a given streamwise location. This has the advantage that is has no user bias associated with it, but a disadvantage in that there is no criteria for the types of structures that it might track. The second option would be to scan the window across the mixing layer in the first image and choose the location that contains the highest total amount of intensity. In this fashion, the location of large-scale structures can be objectively determined by their effective area (total intensity in the template).
In previous cross-correlation studies it was found that applying a low-pass filter to the images to be correlated greatly increased the accuracy of the measurement. The filter effectively removes smallscale features that might bias the flow as well as spurious noise. For this reason, every image is filtered using a 3 x 3 pixel averaging filter.
There was concern that some sort of bias might be imposed by the pulse-to-pulse variations in the laser sheet. It was hypothesized that converting the images to binary would accentuate the shape of the structure and eliminate any bias imposed by irregularities in the laser sheet.
Once the template is chosen and the images conditioned, the structure in the template must be tracked through the different frames. Figure 5 shows what the tracking of a structure might look like (the rectangles were placed by hand). The advantage of having a sequence of images is that the correlation can be computed over several pairs of images for the same structure, thus yielding a subset of results. Two different options present themselves for this case. The first option would be to simply take the template from the first image in the sequence and correlate it with each subsequent image. In this fashion, the technique is identical to the techniques based on image pairs with the exception that for a given structure, a large number of time delays exist. The disadvantage to this technique is that it cannot accommodate for any changes in the structure size and shape. The second option, however, would be to correlate the template from the first image to the second image. This correlation would give a new location for the structure. This new location would then be used to acquire a brand new template to be correlated in the third image. A template would then be taken from the third image and so on. In this fashion, the template would adapt to the structure as it evolves and changes.
The actual computation of the cross-correlation is carried out using Matlab. In some instances, the location of maximum correlation corresponds to a physically impossible result. To avoid these types of results, the correlation coefficients are only considered for a x corresponding to a physically possible situation.
VI. Convective Velocity Results
The procedure described above contains three options for calculating the convective velocity of structures. Table 2 summarizes these options. This corresponds to 8 variations on the cross-correlation technique. All 8 variations were used to calculate the convective velocity for 400 image sequences. The 400 image sequences cover varying ranges from 2 to 13 jet diameters downstream. Half of sequences have interpulse spacings of 10 microseconds and only 13 of the 17 frames were used to track the structures. The other half has inter-pulse spacings of 5 microseconds and all 17 frames were used in the calculations.
For each sequence of images, up to 16 calculations were made for the convective velocity (by correlating the 1 st image to the 2 nd , the 1 st to the 3 rd , etc.). The resolution of each calculation depends on the spatial resolution of the camera and the total time separation between the first image and the image for which the convective velocity was calculated. In all cases, the resolution for the last four calculations in the series of calculations is under 10 m/sec. Therefore, for each given sequence of images, the convective velocity of the structure is taken as the average of the last four calculations. A criterion was also set that these 4 calculations must agree within 10% of their average. For each given sequence of images, 8 different convective velocities were calculated (one for each variation of the technique). The sensitivity of the convective velocity measurement to the variations in the technique is currently being examined and no results are reported here. Without knowledge of the strength and weaknesses of the 8 variations of the procedure, it is difficult to determine which velocity calculations are more accurate. These differences can be used as an advantage, however. If for a given sequence of images, all of the variations on the technique yield similar results, then it would appear that this measurement is insensitive to the variation on the technique.
The following procedure was used to determine which measurements are insensitive to the variation on the technique. First, all of the calculations based on a fixed template location were separated from the calculations where the template is located at the position of maximum area. Secondly, for a given image sequence, the four velocities calculated from the four variations on the technique must be within 10% of their mean value. If these criteria are not met, the velocity for that data set is rejected.
For the fixed template location, 80 of the 400 (20%) data points fit this criterion. Figure 9 shows a histogram of this velocity data. The average velocity is 313 m/sec with a standard deviation of 40 m/sec. This agrees very well with the empirical results of Murakami and Papamoschou (311 m/sec).
For the template positioned at the location of maximum area/intensity, an additional criterion was set that the streamwise positions of the templates had to all be within a one-half jet diameter region of one another; this ensures that the procedure is tracking the same 13 structure for each technique. 76 of the 400 (19%) data points met these criteria. Figure 10 is a histogram of this velocity data. The mean velocity was 294 m/sec, which is lower than for the fixed template location, but had a higher standard deviation of 56 m/sec. The result does not fit quite as well with the empirical result of Papamoschou, but qualitatively still exhibits the same trend and is significantly higher than the theoretical result. Statistically, both measurements lie within each other's 95% confidence interval.
A physical explanation for this difference also exists. It does seem logical that as a structure grows larger and entrains more ambient air, it would have a lower velocity and this would translate into lower convective velocity with this scheme. 
VII. Conclusions
A MHz rate imaging system was used to examine the flow field of a Mach 1.3 axisymmetric nozzle. Both streamwise and cross-stream movies were examined in order to gain a qualitative understanding of the development of large-scale structures in the jet. . It was observed that when two sides of the mixing layer were not interacting directly, the development of structures in the mixing layer of an axisymmetric jet resembles their counterpart in planar shear layers. In one streamwise movie example a structure is seen to form through a 'roll up' process. In another example, the same structure is seen to be the result of a tilting/tearing/pairing process also referred to as fractional pairing. These developments in a structure's life are seen continuously in most movies. Crossstream movies for these non-interacting cases revealed the three-dimensionality of structures as well as the presence of streamwise vorticity and azimuthal movement. Streamwise vorticity appears to play a large role in the entrainment of jet or ambient air into the mixing layer.
The trends observed in the non-interaction cases continue into the cases where the growth of structures causes the mixing layer to interact with itself across the jet core. Streamwise movies show that this interaction can be categorized as symmetric where the structures on either side of the mixing layer occupy the same streamwise location or asymmetric where the structures are offset, possibly an indication of a helical mode. Cross-stream movies infer that the streamwise vortices observed upstream have grown considerably and are even more responsible for entrainment into the mixing layer. Large ejection/entrainment events can easily be seen.
A scheme to measure the convective velocity of structures was also developed. The scheme had eight variations. For structures whose convective velocity measurement is insensitive to the variation of the scheme, the calculated convective velocity agreed rather well with the empirical formulation of Murakami and Papamoschou. A slight difference in measurements was noticed between the fixed template location variations and the variation where the template was located at the streamwise location of maximum area. Both results lie within each other's 95% confidence interval. Nonetheless, a physical reason for this difference was offered.
